A doping strategy for hexagonal boron nitride ͑h-BN͒ is proposed through hybrid Hartree-Fock density functional calculations. Unlike their behavior in typical semiconductors, substitutional dopants generate deep and localized in-gap states in h-BN. In contrast, intercalated atoms with high and low electronegativities perturb the host valence and conduction bands weakly, resulting in shallow acceptor and donor states, respectively. The formation of defect complexes involving substitutional dopants suppresses the migration of the intercalated dopants, with the shallow acceptor or donor characteristics preserved. The strategy proposed here is also applicable to h-BN ultrathin layers and extendable to the doping of BN single sheets via adsorption.
I. INTRODUCTION
Demand for optoelectronic devices in the deep-ultraviolet region has stimulated the exploration of ultrawide-gap semiconductors and the fabrication of their junctions. [1] [2] [3] Such examples include the doping of cubic boron nitride ͑c-BN͒ and ultraviolet light emission from its p-n junctions. 1, 4, 5 Recently, a huge exciton binding energy of 0.15 eV and ultraviolet lasing using an electron-beam excitation were observed in another polymorph of BN, the hexagonal phase with a layered structure ͑h-BN͒. 6, 7 Subsequently reported quasiparticle calculations based on the GW and BetheSalpeter approaches predicted an even larger binding energy of 0.7 eV. 8, 9 The trapping of atoms and molecules on a BN single-sheet nanomesh formed on metal surfaces was also demonstrated recently. 10 These outstanding properties of h-BN and related low-dimensional systems can be utilized in wider applications via carrier doping, but it has not yet been reported. In the doping of h-BN, a difficulty is expected since even the dopants that have been employed for c-BN may not work well due to the characteristic two-dimensional structure. Theoretical modeling should be useful to draw up the guideline for its doping.
In this paper, we propose a strategy for the doping of h-BN based on hybrid Hartree-Fock density functional calculations. We show that, unlike their behavior in typical semiconductors including c-BN, substitutional impurities yield deep electronic states in h-BN. However, the intercalation of suitable impurities in isolated and complex forms, utilizing the large open-space in its layered structure, is effective for both n-and p-type doping; as a result of a weak perturbation of the host conduction or valence band, shallow donor or acceptor states are generated in h-BN with an exceedingly wide band gap of 6 eV. This approach is extendable to the doping of h-BN ultrathin layers.
II. COMPUTATIONAL METHODS
The calculations were performed in the framework of the generalized Kohn-Sham scheme 11 using the plane-wave projector augmented-wave ͑PAW͒ method, 12 as implemented in the VASP code. [13] [14] [15] The PBE0 hybrid functional, [16] [17] [18] which replaces 1/4 of the exchange energy in the Perdew-BurkeErnzerhof generalized gradient approximation ͑PBE-GGA͒ ͑Ref. 19͒ with the nonlocal Fock exchange, was employed. PAW data sets with radial cutoffs of 0.9 and 0.8 Å for B and N, respectively, were used with a plane-wave cutoff energy of 400 eV. For impurity calculations, a 288-atom cell was constructed by a 6 ϫ 6 ϫ 2 expansion of the primitive cell. Because of the large cell size, only the ⌫ point was sampled for the Brillouin zone integration, which corresponds to a 6 ϫ 6 ϫ 2 k-point mesh for the primitive cell. With the cell constants fixed, the internal atomic coordinates were relaxed to reduce the residual forces to less than 0.05 eV/ Å; the relaxation of the atoms farthest from the impurity on each BN layer was not allowed in the directions parallel to the layers in order to prevent shearing, i.e., parallel shifts of the layers. Calculations including spin polarization were conducted for selected impurities to test its effects. As a result, we found that the ionization energies of impurities exhibiting deep and localized in-gap states have a tendency to increase by spin polarization, which makes them further unlikely to be effective dopants. On the other hand, impurities with shallow donor or acceptors states, which are the targets of the present study, are almost unaffected. For consistency, the results without spin polarization are presented for all the impurities throughout this paper.
An improved performance of the PBE0 hybrid functional over local and semilocal functionals has been demonstrated for a variety of molecules and solids. 15, 17, 18, [20] [21] [22] [23] In particular, the much better reproduction of the band structure for widegap systems is notable, and this also holds for h-BN. With experimental lattice constants of a = 2.504 and c = 6.661 Å, the band gap calculated using PBE0 is 6.28 eV. Those obtained with the local density approximation ͑LDA͒ in the Ceperley-Alder form 25 as parameterized by Perdew and Zunger 26 and the PBE-GGA are 4.04 and 4.24 eV, respectively. The PBE0 value is close to the results of quasiparticle calculations, e.g., 5.4, 27 5.95, 9 5.99, 8 and 6.03 eV, 28 and also to a recently reported experimental value of 5.971 eV. 6, 29 For systems with defects, large differences from the LDA and GGA are expected for PBE0 in the description of localized defect states, but not for shallow donor and acceptor states with a perturbed host band characteristic. In both cases, however, the formation energies calculated using PBE0 can be significantly different from raw or empirically corrected LDA and GGA values because of the discrepancies in the host valence band maximum ͑VBM͒ and conduction band minimum ͑CBM͒ in addition to the discrepancies in the positions of localized defect states. 22, 23, 30, 31 Concerning the structural properties, it has been reported that the interlayer interaction in h-BN is not well described with the LDA and GGA; a relatively good reproduction with the LDA originates from a cancellation of the errors in the exchange and correlation contributions. 32 In the present study, a = 2.49 and c = 6.5 Å with the LDA, and a = 2.51 and c = 8.0 Å with the PBE-GGA were obtained, whereas experimental values are a = 2.504 and c = 6.661 Å. 24 Similarly to the cases of the LDA and GGA, PBE0 accurately reproduces a ͑2.50 Å͒ but not c ͑7.7 Å͒. For the impurity supercells, the theoretical value of a was used and the experimental value was taken for c. Calculations also performed with the LDA using the theoretical values for both a and c indicated that the formation and ionization energies, and relaxed geometries of the considered impurities are not essentially affected by the choice of the lattice constants.
To evaluate the performance of impurities as donors or acceptors, their formation and ionization energies are used. The former is obtained as 30, 31, 33, 34 
where E T imp and E T per , respectively, denote the total energy of the supercell containing an impurity or its complex in charge state q and that of the perfect-crystal supercell. ⌬n i is the difference in the number of constituent atoms of type i between these supercells. i and E F are the atomic chemical potential and the Fermi level. The reference of E F was aligned between the impurity and perfect-crystal supercells using their electrostatic potentials. 30, 31, 33, 35 Image charge corrections 36 were not applied since our previous study indicated that for shallow donors and acceptors that weakly perturb the host bands, the neutral states have essentially the same effective correction charges as those for the ionized states, and the correction terms are mostly canceled out in the evaluation of ionization energies. 23 In addition, they are unlikely to alter the formation energies obtained using the present 288-atom supercell; the leading correction terms with L −1 dependences were estimated to be only ϳ0.2 eV for singly charged impurities. Corrections for overfilling the conduction band ͑CB͒ by donors and for overemptying the valence band ͑VB͒ by acceptors in finite-sized supercells 31, 33, 34 are not required in the case of the 288-atom supercell combined with ⌫-only k-point sampling because the CBM at the M point and the VBM near the K point are folded onto the ⌫ point and its immediate vicinity, respectively.
Regarding the atomic chemical potentials, we considered values of B and N at the two extreme conditions: the B-rich limit represented by the equilibrium between bulk h-BN and B ͑ B = B͑bulk͒ and N =1/ 2 N 2 + ⌬H f ͒ and the N-rich limit represented by the equilibrium between bulk h-BN and the N 2 molecule ͑ B = B͑bulk͒ + ⌬H f and N =1/ 2 N 2 ͒, where ⌬H f denotes the formation energy of h-BN obtained using PBE0, −2.74 eV. The calculated total energies for the B crystal and the N 2 molecule were used for their chemical potentials. Similarly, the chemical potentials of impurity atoms at the impurity-rich limit were determined via equilibrium conditions with relevant simple substances and compounds: for instance, bulk Li, Li 3 N, LiN 3 , and Li 3 BN 2 in the case of the Li impurity. This approximately provides the formation energies at the solubility limit.
The Fermi level at which the formation energies of an impurity or defect in different charge states equalize is referred to as thermodynamical transition level, and its position with respect to the CBM or VBM corresponds to the donor or acceptor ionization energy. 30, 31, 33, 34 The ionization energy is a good measure of the probability of carrier generation, and hence the performance of dopants. In practical doping, the use of nonequilibrium conditions can increase dopant concentrations and thereby overcome high formation energies. Thus, the ionization energy becomes a more important factor, and we primarily base our search for dopants for h-BN on the ionization energy.
III. RESULTS AND DISCUSSION

A. Substitutional impurities
A natural starting point for our objective, i.e., exploring a doping strategy for h-BN, is the investigation of substitutional impurities employed for the doping of c-BN: Si and S as donors 1, 37 and Be and Mg as acceptors. 4, 38 The O impurity, which can be a residual donor in c-BN ͑Refs. 5 and 37͒ and has been theoretically predicted to have a low formation energy in both h-and c-BN, 39, 40 is also worth consideration. Table I summarizes the calculated ionization energies of the substitutional impurities in h-BN. For comparison, those for c-BN, which were obtained using 432-atom supercells constructed by a 6 ϫ 6 ϫ 6 expansion of the primitive cell and ⌫-only k-point sampling, are also shown alongside the available experimental values.
For Be B and Mg B in c-BN, the ionization energies are well reproduced by the present calculations. The theoretical value for O N is close to the experimental value of 0.32 eV, which has been attributed to either the doped S or residual O impurities. 37 Compared with the case in c-BN, the impurities other than O in h-BN exhibit much higher ionization energies. This behavior is associated with the formation of deep and localized in-gap states in h-BN, as shown later for S N in Fig. 1͑c͒ . Calculations were also conducted for the following group II, IV, and VI elements at the B and/or N sites, which include those having large size-mismatches: C B , Ge B , Sn B , Se N , and Te N as donors; and Ca B , Sr B , Zn B , C N , Si N , Ge N , and Sn N as acceptors. However, all of them were found to have very high ionization energies ͑Ͼ1 eV͒, originating from deep and localized impurity states. Substitutional dopants are thus unlikely to be effective in h-BN.
B. Intercalation
Another option in the doping of h-BN is the incorporation of impurities into the interlayer region. This is referred to as intercalation, especially when a considerable number of atoms or molecules are inserted in layer-structured substances such as graphite. The target of the present work is the dilute intercalation of impurities that act as shallow donors or acceptors. For instance, in the case of n-type doping, the band structure needs to be designed as follows: ͑i͒ an impurity state appears slightly below the CBM and acts as a shallow donor state, or ͑ii͒ an impurity state is distributed within the host bands, and a shallow donor state forms as a consequence of a weak perturbation of the host CB by an impurity potential. 30, 41 Although these types of band structure can be attained through covalent bonding interactions between impurity and host orbitals, elements with high valence electron levels, i.e., those with low electronegativities, are often good candidates. Therefore, we chose alkali-metal and alkalineearth-metal elements. On the basis of a similar consideration, halogen and chalcogen elements with high electronegativities were selected as acceptors.
An issue of particular concern in the intercalation is that intercalated impurities in the large open space of h-BN may be mobile. This is favorable for doping via in-diffusion, but unfavorable in view of the possible electromigration of ionized impurities under an applied electric field. To suppress the migration, trapping by substitutional impurities charged with the opposite sign, i.e., the formation of defect complexes, can be effective. We chose Be B , C N , C B , and O N since relatively low formation energies were obtained for these substitutional impurities. Complex forms that can be single donors or acceptors were considered on the basis of the valence electronic configurations of the constituent atoms: for example, 2Li i -C N , which involves two intercalated Li atoms ͑single donors͒ and C N ͑single acceptor͒.
Among the donors considered, the lowest ionization energies were observed for intercalated Li and Na ͑Li i and Na i ͒ and their complexes with C N ͑2Li i -C N and 2Na i -C N ͒. In the case of the acceptors, F i and its complex with C B ͑2F i -C B ͒ exhibited the lowest values. The properties of these impurities are summarized in Table II . The migration energies of ionized impurities ͑E m ͒ were evaluated in the directions parallel to the BN layers through the construction of totalenergy surfaces with respect to the atomic coordinates of the impurities. As expected from the crystal structure of h-BN, the migration perpendicular to the BN layers was found to require very high energies, e.g., 7.2 eV for Li i , and hence is not considered here.
It is noteworthy that the intercalated impurities in both isolated and complex forms have lower ionization energies than any of the substitutional impurities in h-BN ͓Tables I and II͔. The analysis of their single-particle electronic structures indicated the formation of a type ͑ii͒ band structure in all cases. For instance, Li i in both isolated and complex forms induces its 2s and 2p states within the CB ͑major component͒ and VB ͑minor component͒. The Li-2s electron is released to a shallow donor state located slightly below the CBM. As shown in Figs. 1͑a͒ and 1͑b͒, this donor state is characterized as the CB ‫ء‬ orbital with a weak perturbation by Li i . This is in stark contrast to the case of substitutional S ͑S N ͒, which yields a deep and localized state ͓Fig. 1͑c͔͒. For Na i and its complex, qualitatively the same electronic structures as that for Li i were observed. In a similar manner, F i and the 2F i -C B complex induce F-2p states mostly within the VB and generate acceptor states that inherit a VB -orbital characteristic. As shown later in Fig. 2͑e͒ , this state is mainly localized on a neighboring BN layer for isolated F i . On the other hand, it spreads over more than three layers for 2F i -C B , suggesting less perturbation of the VB. The corresponding single-particle energy is closer to the VBM, as shown later in Fig. 2͑b͒ . The lower ionization energy of 2F i -C B can be attributed to this single-particle electronic structure.
Moving on to the formation energies, Li i exhibits a much lower value than Na i at the B-rich limit, as shown in Table II . The equilibrium position for Li i is located at the center of the BN sixfold rings in the upper and lower layers ͓Fig. 1͑a͔͒. It is essentially independent of the charge state. The formation energy does not significantly vary with the movement of Li i , yielding a migration energy of 0.50 eV. For the 2Li i -C N complex, the atomic configuration presented in Fig. 1͑b͒ is energetically the most favorable; however, when two of Li i are placed along a axis on the same layer and aligned along c axis, the formation energies are only 0.11 and 0.16 eV higher, respectively. The lowest-energy configuration has binding energies of E b 1 = 1.21 eV for the first Li i and E b 2 = 0.63 eV for the second Li i . The formation energy of 2.24 eV is even lower than the value for isolated Li i . At a low temperature and in the presence of C N , Li i is likely to be trapped by C N to form the complex. At the same time, the migration of Li i is hindered, with an effective migration energy of E m + E b 2 = 1.13 eV. In contrast to the case of Li i , F i is bound to a B atom in the neighboring BN layer, as shown later in Fig. 2͑e͒ . The migration energy for isolated F i is as small as 0.30 eV, but E b 2 = 0.46 eV can serve as an additional barrier due to the complex formation. On the basis of these results, we propose the doping of h-BN via intercalation. The complex form is particularly effective when the migration of intercalated dopants must be hindered. Intercalation and its related functions have been widely studied for graphite. In the case of h-BN, intercalation with alkali-metal atoms, [43] [44] [45] transition-metal atoms, 46 and molecules such as Br 2 ͑Ref. 44͒ and S 2 O 6 F 2 ͑Ref. 47͒ has been investigated experimentally. However, compared with graphite, available reports on the intercalation are very limited and the structure and properties of intercalated h-BN systems are less understood. This is partly due to the difficulty in the intercalation of h-BN and the synthesis of its intercalation compounds. Theoretically, Dai and Zhang have suggested the metastability of alkali-metal-or Cu-intercalated h-BN compounds through the analysis of vibrational properties using ab initio cluster calculations. 48, 49 Whereas these experimental and theoretical studies are focused on the intercalation compounds formed as a result of heavy intercalation of h-BN, the properties of dilutely intercalated systems have not been explored, in particular with the aim of carrier doping as proposed in the present study.
Concerning the electronic structure of intercalated h-BN, Doll et al. have reported the optical properties of K-intercalated h-BN films with a C 8 K graphite intercalation compound-like structure. 45 They found optical absorption with an onset of 2.6 eV and attributed it to electronic transitions between the host and K-induced states. The energy gap associated with host bands was estimated to be 5 eV, which is considerably smaller than the band gap of undoped h-BN ͑5.971 eV͒. 6 This discrepancy implies that the heavy intercalation that leads to the formation of a BN-K interacted compound alters the band structure of h-BN. Our calculation for ͑BN͒ 4 K with a C 8 K structure also found deep K-induced states, in stark contrast to isolated ͑dilute͒ K i yielding a shallow donor state with a perturbed CB characteristic ͑E i = 0.30 eV͒ as in the aforementioned cases of Li i and Na i . Thus, the electronic structure is significantly different between dilutely and heavily intercalated h-BN. In view of the potential carrier doping that we propose here, experimental investigation of h-BN with dilute intercalation is of great interest.
C. Extension to h-BN ultrathin layers
The doping of h-BN ultrathin layers is also of fundamental and technological interest. A previous quasiparticle calculation has suggested that a two-dimensional nearly freeelectron state constitutes the CBM of the BN single sheet. 27 We observed a similar electronic structure for the BN bilayer, and found that shallow donor states can be induced by intercalation, as in the case of the h-BN crystal.
Figures 2͑a͒ and 2͑b͒ show single-particle energy levels of neutral Li, F, and their complexes adsorbed on or intercalated in h-BN ultrathin layers ͑n =1,2͒, alongside those in the h-BN crystal ͑n = ϱ͒. The results for the ultrathin layers ͑n =1,2͒ were obtained using slab models with dimensions of 8a and 6a along the a axis ͑containing 128 and 144 atoms͒, respectively, and a vacuum layer thickness of 15 Å .   FIG. 2 . ͑Color online͒ Single-particle energy levels of neutral impurities and their complexes adsorbed on or intercalated in h-BN ultrathin layers and crystal ͑n: number of layers͒: ͑a͒ Li-induced donor levels and ͑b͒ F-induced acceptor levels. The energies are relative to the CBM or VBM in the corresponding perfect systems. s, i, and c denote the adatom on the surface, the intercalated atom, and the complex, respectively. The atomic structure and the isosurfaces of the squared wave functions of acceptor states are shown in the same manner as that for Fig. 1 : ͑c͒ F s on the single sheet ͑n =1͒, ͑d͒ F i in the bilayer ͑n =2͒, and ͑e͒ F i in the crystal ͑n = ϱ͒.
The donor levels of Li are referenced to the CBM in the corresponding perfect systems and the acceptor levels of F are relative to the VBM. For neutral shallow donors or acceptors, an electron or hole is located at a shallow donor or acceptor state with a perturbed host band characteristic. The effects of such an additional electron and hole on the reference CBM and VBM levels were taken into account as correction terms, which were estimated using the changes in the single-particle levels of the CBM and VBM upon electron addition and removal, respectively. The correction terms are rather large: ϳ0.4 eV for the CBM and VBM of the h-BN perfect-crystal when the 288-atom supercell is used. Those for the ultrathin layers are also ϳ0.4 eV, which were estimated using a 144-atom h-BN perfect-crystal supercell having a similar number of constituent atoms to that of the slab models.
Whereas the ionization energies obtained using totalenergy differences via Eq. ͑1͒ are presented in Tables I and II, the single-particle energy levels of neutral donors or acceptors are used in Figs. 2͑a͒ and 2͑b͒. They closely reflect the ionization energies when atomic and electronic relaxation by the ionization is small. This typically holds for delocalized and weakly localized states; indeed, the shallow singleparticle levels of Li and F in the h-BN crystal are qualitatively consistent with their low ionization energies shown in Table II .
Isolated Li atoms are not adsorbed on the surfaces of the single sheet ͑n =1͒ and the bilayer ͑n =2͒, and hence the results are not included in Fig. 2͑a͒ . In the complex form, they are bound by the mediation of C N , but the resultant levels are 1.0 and 0.5 eV deep from the CBM, respectively. Shallow levels are observed only when the Li atoms are located at the interlayer site: n Ն 2 for Li i ͑isolated Li͒, as in the case of the bilayer ͑n =2͒ shown in Fig. 2͑a͒ , and n Ն 3 for Li c ͑2Li i -C N complex involving two Li atoms͒. We found that when an isolated Li atom is merely placed in the electrostatic potential at the interlayer sites of the h-BN bilayer and crystal, its occupied 2s level is 3.6 and 3.5 eV deep from the CBM, respectively. Therefore, interactions with the host B and N orbitals play an important role in the formation of the shallow donor states. In the case of the h-BN crystal, antibonding interactions move the Li-2s and -2p states above the CBM, leaving a shallow donor state with a weakly perturbed CB characteristic, as mentioned above. For the bilayer, a Li-induced state with a more localized characteristic is generated slightly below the CBM, which corresponds to the shallow donor level for Li i shown in Fig. 2͑a͒ .
In contrast to the behavior of Li, F is strongly bound to a B atom in the single sheet ͑n =1͒ and at the surface of the bilayer ͑n =2͒, as well as the case of F i in the bilayer and crystal ͓Figs. 2͑c͒-2͑e͔͒. For the single sheet, a BN 3 F tetrahedronlike atomic configuration is observed. As shown in Figs. 2͑c͒-2͑e͒ , the acceptor states of F s and F i in all the systems are mainly distributed on one BN layer, but the spatial localization thereon is different. The shallower levels for larger n values can be explained by the less localized characteristic. Thus, the doping strategy using intercalation is applicable to BN systems composed of two or more layers. Moreover, p-type doping by F is extendable to the case of BN single sheets. The latter is related to recent reports on BN nanotubes: the synthesis of conducting fluorinated BN nanotubes 50 and first-principles calculations suggesting their p-type behavior. 51, 52 
IV. CONCLUSIONS
We propose the bipolar doping of h-BN via intercalation based on the hybrid Hartree-Fock density functional calculations. The intercalation of Li, Na, and their complexes leads to the formation of shallow donor states due to a weak perturbation of the CB. The resultant low ionization energies indicate its effectiveness in the n-type doping. Similarly, intercalated F and its complex, which induce acceptor states with a perturbed VB characteristic, are suggested to be good acceptors for the p-type doping. For these intercalated donors and acceptors, the complex forms are effective particularly when their migration must be suppressed. The strategy proposed here overcomes the expected difficulty in the doping of h-BN using substitutional impurities, which exhibit high ionization energies in contrast to the case of c-BN. In addition, it is applicable to related low-dimensional systems such as BN single sheets and ultrathin layers.
